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1, INTRODUCTION 

The common issue in everyday life is the energy saving, so when the price of energy be high, 
the devices that reduce the consumption of energy consider very important. Voltage and current are the 
acquired quantities that are directly proportional to energy saving efficiency, so for successive processing 
these quantities are essential [1]. The AC system power quality becomes very important, since there is 
increase in electronic equipment numbers, power electronics in addition to high voltage power system. 
In our country, most of industrial installation and commercials have large electrical loads, which makes the 
power factor lagged because they are inductive in nature [2]. At inductive loads, the useful work is done by 
the active power while the reactive one returns to the source on current cycle, since it dissipates no energy in 
the load. This may reduce the consumer side voltage because of the high requirement of the reactive 
power [3], consequently, the continuous load Power Factor monitoring is very essential. When PF falls 
below a specified value, the line current increases, making the line loss and voltage drop increase too [4]. 
The device with power factor correction (PFC) circuit would return the system power factor near the unity 
for economical operation. Adding this device will give advantages to the whole system includes: improved 
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voltages, increased load-carrying capabilities, reduced losses of power system, and reduced the drop in 
voltage along the cables [5]. 

There are many different ways on how to measure the PF and the modern one is the use of 
microcontroller (PIC Microcontroller, 8051 microcontroller, AT89S52 microcontroller or Arduino). In order 
to compensate the excessive reactive power, suitable capacitors are locally add, thus almost unity power 
factor can satisfy. A microcontroller helps in sensing the change of power factor and choosing which a 
suitable capacitor should be selected from the capacitor bank [6-9]. 

M. Vishvanath and his team [10] produce a new bidirectional bridgeless LUO converter used in the 
main AC system. It is a DC/DC Converter which become take more attention nowadays since it increase the 
PF at the ac mains. In Bridgeless Power Factor Correction Converter (BPFCC) design there is no need for a 
diode bridge at the input, which minimize the power losses and enhanced the whole system efficiency and 
savings cost. Murugan M et al [11] proposed in their paper the analyses and the design of power factor 
rectification based on front end bridgeless single-ended primary inductance converter (BLSEPIC), 
in addition to high frequency isolation and regulated of output voltage working in discontinuous conduction 
mode. There are many methods used in PFC systems and Cuk converter with PID controller is one of them. 
As compared to traditional power factor correction Cuk converter protects from the inrush current and it is 
combination of Buck Boost operation [12]. 

M. Myint Than in [13] deals with the implementation of Automatic Power Factor Correction 
(APFC) system using an Arduino UNO controller with the solid state Triac as a switch and a capacitor bank 
(four capacitors) to compensate the reactive power. Also in this field, A. Taye [14] in 2018 uses two groups 
of capacitors to make the PF reaching the industrial value (0.92) from (0.66). He utilizes Arduino UNO to 
make the decision of what group of capacitors work. 

The problem statement here in our country (Iraq) is that the amounts of reactive power that 
produced from household appliances, offices, small institutions, rooms, or government offices, etc is small, 
therefore there is no need to implement a large station for PFC at the Power Plant which may coast a lot of 
money for the government. Also if any fault occurs, the system of PFC is automatically stopped. For those 
reason, an electronic device has to be designed and implemented to correct the PF automatically for a small 
amount of power consumption. All small stations mentioned above can benefit from this device, the reactive 
power problem will fixed, and consequentially the overall amount of power being use per day is reduced. 

In this work, a 16 level of APFC is designed and implemented using Arduino Uno with the aid of 
Fuzzy logic idea to speed the analysis and give more accurate performance. The proposed system can 
compensate and correct a PF from 0.64 very poor, to 0.98, near the unity, as can be seen from results. 


2. FUZZY LOGIC ALGORITHM 

A controller that uses the fuzzy logic can consider a knowledge-based controller, since it changes 
the equivalent navigational constant value to gather the maximum benefits in terms of the missile 
performance [15]. The system of Fuzzy logic may consider as a nonlinear mapping of input data group to a 
scalar output data. The system may include of four parts: Fuzzifier, inference engine, Rules and defuzzifier. 
The general architecture with fuzzy logic system components is shown in Figure 1. Generally, the objects or 
things that include one or more similar characteristics may be gathered and classified into a set or group, 
and each one contained members related to each set [16]. 





Figure 1. General fuzzy system 


3. PROPOSED ARDUINO PFC WITH FUZZY LOGIC SYSTEM 

The idea here is to design and implement a PFC device with a low cost and high precision of 
correction in fastest way, so that homes, offices etc can benefit from it. The proposed system calculates the 
power factor from the line current and line voltage through computing the delays between the arrival current 
signals and voltage signal from the power supply. Then the microcontroller calculates the compensation 
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requirement using a Fuzzy algorithm and according to its suggestion, Arduino Uno switched on a different 
capacitor in the capacitor bank. 

The bank of capacitors is used for improving PF from 0.64 to 0.98 with 16 level of correction. 
The proposed APFC system diagram is clearly seen in Figure 2. The circuit consists of zero crossing 
detector, potential transformer (PT) with Current transformer (CT), Arduino Uno microcontroller, capacitor 
bank, relay driver circuit, and inductive load. 
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Figure 2. APFC whole circuit diagram of the proposed system 


3.1. Potential Transformer (PT) with Current Transformer (CT) 

CT is used to measure the current that passes through load, so that the input source is connected in 
series with the primary while the secondary is connected to the input of Zero crossing detector. Figure 3(a) 
states the CT that used here in this work. PT is used to obtain the value of input voltage, but in this work, 
a voltage divider circuit is used instead. It consists of two resisters connected in series (100 kQ and 2.48 kQ) 
to step down the input voltage to a suitable voltage that can read by the Zero Crossing Detector. Figure 3(b) 
shows the Voltage Divider (VD) circuit and its implementation on Vero board. 
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(a) 
Figure 3. CT and VD circuits (a). CT (b). VD 


3.2. OP-AMP Zero Crossing Detector 

It is a traditional convertor, which transform the sine-wave signal to the square wave signal, and in 
this case, the reference voltage is set to be zero. Here, LM111 IC OP-MP is used in the context for both input 
voltage and current. The circuit design and its implementation with the waveform outputs of Oscilloscope 
are seen in Figure 4. The first waveform belongs to the voltage while the second one belongs to the current. 
The phase difference is seen between them clearly on the screen of Oscilloscope. 
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3.3. THE ARDUINO UNO MICROCONTROLLER 

Arduino Uno is one of the famous microcontrollers that has been developed recently and it uses in 
many applications since it is cheap and easy to program. The ATmega328 represents the base of its board. 
It has 6 analog inputs, 14 digital input/output (6 of them can be used as PWM outputs), a crystal oscillator 
with frequency of 16 MHz, a USB connection, a power jack, an ICSP header, and a reset button. It includes 
all things that needed for supporting the microcontroller. Arduino Uno can be connected to a battery, 
power supply with an AC-DC adapter or through a USB cable by using a computer to get started [17]. 

In this research, the Arduino is programed to calculate the phase difference between the current and 
voltage, and then decide which suitable capacitor must be connected with the load to enhance the PF. 
The decision is made by the aid of a Fuzzy algorithm, which chooses what a fuzzy group does the phase 
deference belongs to. The C++ program is utilized here for programing the microcontroller (Arduino Uno), 
and it is downloaded to the board via USB cable. The board of Arduino Uno that used here in this work is 
stated in Figure 5. 
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Figure 4. Zero Crossing Detector circuit with its output waveforms 
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Figure 5. Arduino UNO board 
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3.4. RELAYES AND DRIVER 

Relays are used here to switch between the capacitors so that each relay can switch one capacitor, 
and since there are four capacitors used in this project, four relays with their drivers are needed. The output 
of the microcontroller turns in to the driver, which consequently makes the relay in the ON state if it is high. 
Otherwise, the relay is OFF. The relays with their driver board is seen in Figure 6. Another way to switch the 
capacitor bank can be depicted in [13, 18]. The authors used TRIACs as a switch to correct and maintain the 
power factor above 0.9. However, the relays are cheaper and easier to connect and there is no need of 
triggering circuit or Firing control. 
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Figure 6. Relays board with their driver 


3.5. CAPACITOR BANK 

The capacitors are used generally to reduce reactive power as well as load current and, 
consequently, decreasing apparent power, since they give a leading power factor, so PF can be corrected. 
To depict the value of capacitor needs, the following equations state the relation between PF and reactive 
power in addition to the capacitors: 


S=V«l (1) 
S=P+jQ (2) 
P=S*cos@ (3) 
Q=S «sind (4) 


where S is the apparent power, / is the load current, V is the input voltage, P is the active power and the 
reactive power is Q, while cos@ consider the PF. The angle @ considers the phase difference (the angle) 
between current and voltage so that when the phase difference decreases, PF increases while Q decreases. 
The term P is maintain at the same value. Figure 7 considers the relationships between S, P, Q and PF. 
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Figure 7. Trigonometric view of power factor 


In this work, the proposed electronic circuit is aimed to drive a | KVA variable load of different 
consumption power with a PF range from 0.64 to 0.98. Other specifications are f=50 Hz, V=(220-230)v, 
and P=640 Watt, whereas the value of the capacitor which is needed to correct the power factor can be 
determined from the following equations: 


Indonesian J Elec Eng & Comp Sci, Vol. 17, No. 1, January 2020: 156 - 165 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 161 


S, = P/cos@, (5) 
S, =-“ = 1000 VA 


0.64 — 
0, = cos~1(0.64) = 50.2°, so 
Q, = S41 sin 0, = 768.37 VAR 
@, = cos +(0.98) = 11.48° 


Q> = Ptan OP (6) 
Q, = 640 * 0.2038 = 130 VAR 
Qc = Qi — Q2 (7) 
Qc = 768.37 — 130 = 638.37 VAR 

—_ 
= 2nf v2 (8) 


C= 38.3-42 uF (range) 


To satisfy the sixteen levels of PF in this project, four capacitors are added in parallel to the load as 
seen in Figure 8 
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Figure 8. Capacitor bank simulation and practical implementation 


The capacitor value that must be added for each level is about 38.3 wF/16= 2.4 uF to 42 wF/16= 
2.625 uF. However, in our electronic market, there is no such value; thus, an approximate quantity can be 
used. Four capacitors founded in the market having the values of (2.5, 5, 10 and 20) uf will be used and 
connected in parallel to the inductive load through four relays as seen in figure 8. This process gives (2*) 
different capacitor levels as depicted in Table 1. 


Table 1. The Range of Capacitor Level According to Relay open-close 


Realyl Realy2 Realy3 Realy4 Capacitor (uF) 
Off Off Off Off 0 
On Off Off Off 23 
Off On Off Off 5 
On On Off Off 7.5 
Off Off On Off 10 
On Off On Off 12.5 
Off On On Off 15 
On On On Off Re) 
Off Off Off On 20 
On Off Off On 22.5 
Off On Off On 25 
On On Off On 27.5 
Off Off On On 30 
On Off On On 325 
Off On On On 35 
On On On On 37.5 
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4. RESULTS WITH THEIR DISCUSSION 

The implementation of the proposed APFC system is clearly stated in Figure 9, which consist of 
control circuit, three motors and fan as a load. The maximum power of them is 630 watt with power factor of 
0.78. Also four capacitors (2.5, 5, 10 and 20)uf are exist to compensate the reactive power. In addition, 
LCD is used to display all readings of load current, voltage, power and PF. 

Here, there are sixteen levels of PF from 0.64 to 0.98 to be corrected. Each one has a value of 
(0.34/16=0.02125), so that the first value to be corrected is 0.64, which needs the max value of the capacitor 
bank, while the second value is 0.66125 and so on. For example, if the power factor is 0.9, the Fuzzy 
program inside the Arduino will decide the group that 0.9 belongs to, and in this case, it belongs to the group 
of (0.895-0.91625) PF. Then a signal will sent to the relays for selecting the corresponding capacitors. 

Table 2 shows the levels of PF with their theoretically and practically corresponding capacitors in 
addition to the error between them. After that, the program re-monitors the new readings of the power, 
current, voltage and new power factor, then takes a new decision and so on. The results for different power 
factor with different loads are shown in Table 3, in which a switch plug can select the load. Here, there are 
four switch plugs as you can see in Figure 9, so that each one is connected to single load, therefore, if you 
want to get a certain load, you may choose the suitable switch to close. 





Figure 9. Implementation of the proposed APFC circuit 


Table 2. Capacitors Range with Their Corresponding Error 


Theoretical—Practical 


Error=|——————_ * Practical Capacitor Theoretical Capacitor 
Theoretical PF levels 
100% Value (uF) Value (uF) 

0 0 0 Above 0.98 
4.1 20 2.4 0.98-0.9585 
4.1 5 4.8 0.9585-0.9375 
4.1 ies) Va 0.9375-0.91625 
4.1 10 9.6 0.91625-0.895 
4.1 12.5 12 0.895-0.87375 
4.1 15 14.4 0.87375-0.8525 
4.1 17.5 16.8 0.8525-0.83125 
4.1 20 19.2 0.83125-0.81 
4.1 220 21.6 0.81-0.78875 
4.1 25 24 0.78875-0.7675 
4.1 27.5 26.4 0.7675-0.74625 
4.1 30 28.8 0.74625-0.725 
4.1 32.5 31.2 0.725-0.70375 
4.1 35 33.6 0.70375-0.6825 
4.1 37.5 36 0.6825-0.66125 
2.3 37.5 38.4 0.66125-0.64 
2.0 37.5 38.4 Less than 0.64 


As can be seen from Table 3, the resulting PF approaches the desired value (0.98) but not really 
equal it, since there is somehow an error, but it is still stable and close to the desired value. In other words, 
there is an error, and comes from two sources, the first one is due to the inserted capacitor that is not really 
equal to the desired capacitor, as depicted from calculations (5-8). How to solve this problem or reduce this 
error is by choosing a value of a capacitor closing to the desired one. 
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Table 3. PFC Results with Different Load 


After correction Before correction 

PF PF I (A) P (watt) V(v) 
0.94 0.79 3.61 613.1 214 
0.95 0.75 2.54 407.87 214 
0.96 0.68 1.9 277.78 214 
0.94 0.63 1.25 169.28 215 
0.94 0.74 0.75 115.35 216 
0.96 0.85 0.7 129.54 216 
0.97 0.87 1.08 201.99 214 


The second source of error is due to the difference between the practical corrected power factor and 
the desired one. This comes from the theoretical calculations that use 2*correction levels (ranges) of PF. 
The difference between theoretical and practical results (error) can be shown in Table 4. This error can be 
reduced by increasing the number of branches (ranges) to 7 or 8 of branch capacitor. 


Table 5. Error Between the Corrected and Desire Power Factor 
Error Desired Pf Corrected Pf Original Pf | Power(w) 


4.08% 0.98 0.94 0.7 545.65 
3% 0.98 0.95 0.69 332.6 
2% 0.98 0.96 0.68 264 

4.08% 0.98 0.94 0.74 106.3 
1% 0.98 0.97 0.87 171.3 
2% 0.98 0.96 0.66 270 


In addition, you can see from the variation of error against the original PF that depicted in 
Figure 10, the error increases when the power factor is in the range from 0.7 to 0.8, and decreases whenever 
the PF closes to the desired value. Finally, in spite of that, the error is very small, and could be neglected 
since the system works very well and gives stable results in different loads having different PF. 
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Figure 10. Error variation in proposed PFC system 


As compared to [14] A. Taye, the searcher corrected the PF for the range from 0.66 to 0.92, 
while here in this research the PF is corrected for the range 0.64 to 0.98 with acceptable error. Also in this 
work, the maximum error obtained is 4.08% for different loads, while as compared to [13] the maximum 
error is 20.54% in spite of the work depends on the capacitor that found at the market, while [13] depends on 
the simulated capacitor value. 
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5. COCLUSION 

In this paper, an Automated Power Factor Correction system is proposed and implemented to serve 
a small office or house by using a Current Transformer, Voltage divider, Arduino microcontroller, Relays, 
and Four capacitors with LCD to display all readings. Therefore, the system has a very little cost as 
compared with the work one placed in the generation station. The Arduino is responsible of the decision of 
what capacitor to work and the Fuzzy program speeds the system and make the decision more accurate, also, 
it works the device in real time. The system works with sixteen level of correction from 0.64 to 0.98 with 
load up to 1000 VA. 

It can be concluded from the results that the system operation is stable, and it has very good results 
with no time delay and small error. In addition, there are two types of error, the first one is due to the 
capacitor that added is not equal exactly to the desired capacitor, causing a maximum error of 4.1%. 
The second one is due to the difference in PF readings (desired and result PF), producing a maximum error 
of 4.08% in the range from 0.7 to 0.8 PF. The error can be reduced to zero by adding additional capacitors 
through increasing the level of correction to 32 or 64. 
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